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Estrogen plays important roles in the reproductive behavior of animals. In the present study, we
found that the Grin2d gene of mouse possessed half-sites of the estrogen-responsive element
(ERE) in the 30-untranslated region (UTR). Quantitative PCR analysis showed that the reduced Grin2d
mRNA expression in the hypothalamus of the ovariectomized mice was restored by estrogen admin-
istration. Downregulation of Grin2d mRNA expression was also detected in the hypothalamus of
estrogen receptor alpha-knockout female mice. Moreover, estrogen-induced lordosis response
was decreased in Grin2d-knockout mice. These results suggest that estrogen regulates lordosis
behavior through the regulation of Grin2d expression in the hypothalamus of female mice.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction receptivity deﬁned as the lordosis response. Studies on ERa-knock-Estrogen plays important roles in the development of the brain
and its functioning. Experimental models using female mice and
rats showed that estrogen elicits lordosis behavior, that is, the pos-
ture exhibited by sexually receptive female rodents. The ventrome-
dial nucleus of the hypothalamus (VMH) and the medial preoptic
area are considered to be the main regions of the brain that control
the lordosis behavior. These regions of the brain express estrogen
receptors (ERs, namely, ERa and ERb), which are the members of
the nuclear receptor family of ligand-activated transcription
factors [1]. The ERa subtype is predominant in the VMH, and it
appears that ERa plays a major role in the exhibition of femalechemical Societies. Published by E
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OUE-GER@h.u-tokyo.ac.jp (S.out mice indicated the critical role of ERa in female sexual behav-
ior [2–4]; estrogen-treated ovariectomized ERa-knockout mice did
not display lordosis response [3]. Moreover, a previous study that
used subtype-selective agonists for ERa and ERb revealed that
ERa is primarily involved in the elicitation of receptive and procep-
tive behaviors in female mice [5].
It is well known that estrogen affects brain functions; however,
the target genes under the direct transcriptional control of ERa re-
main to be clariﬁed. While investigating estrogen receptor-binding
sites in the human CpG island library, we isolated a genomic DNA
fragment named EB11, which corresponds to the 30-untranslated
region (UTR) of the gene coding for the human N-methyl-D-aspar-
tate (NMDA) receptor subunit 2D, i.e., GRIN2D [6,7]. EB11 contains
nine half-sites of the estrogen-responsive element (hERE) within
600 bp, which are recognized by ERa. A relatively large number
of hEREs are also conserved in the 30-UTR of Grin2d in rats [7]. It
has been demonstrated that in rats, the hERE-containing region
activates ERa-mediated transcription, and estrogen upregulates
the mRNA expression of Grin2d in the hypothalamus [7]. Grin2d,
which was originally isolated from mice and named as epsilon 4,lsevier B.V. All rights reserved.
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type 1 (Grin1) [8,9]. Interestingly, Grin2d mRNA was co-expressed
with ERa in the mouse and rat hypothalamus, thereby suggesting
that there exists some functional relationship between Grin2d
and ERa [7,10]. In the present study, we found that the hERE motifs
in the 30-UTR of Grin2d are conserved in mice. The Grin2d mRNA
expression in mice was regulated by estrogen in the hypothalamus,
and Grin2d-knockout mice exhibited attenuated sexual behavior,
implying that Grin2d plays a key role in brain functioning by medi-
ating estrogen activity.2. Materials and methods
2.1. Animals and estrogen treatment
All animal experiments were approved by the Institutional
Animal Care and Use Committee. C57BL/6 mice were purchased
from CLEA Japan. ERa-knockout mice were obtained from Jackson
laboratory and maintained on a C57BL/6 background. Two groups
of 4-month-old female mice were ovariectomized and injected
subcutaneously (s.c.) with either 17b-estradiol dissolved in sesame
oil (10 lg/kg) (OVX + E group) or sesame oil (OVX + Veh group).
The sham-operated control group (Sham + Veh) was administered
only sesame oil. After 8 h, the mice were sacriﬁced by decapitation,
and the hypothalamus and preoptic area were immediately iso-
lated and stored at 80 C. Similar procedure was performed to
isolate the brain regions from 4-month-old female ERa-knockout
mice that were not administered 17b-estradiol treatment. It has
been reported that the concentration of plasma 17b-estradiol is
much lower in OVX mice compared with that in intact females
[11]. In ERa-knockout female mice, estrogen insensitivity has been
observed by failure of 17b-estradiol treatment to induce target
gene expressions [12]. In addition, they have 10-fold higher con-
centration of plasma 17b-estradiol compared with that observed
in wild type females [13].
2.2. RNA puriﬁcation and quantitative polymerase chain reaction
(PCR)
Total RNA was extracted from the hypothalamus by using the
Isogen reagent (Nippon Gene). Quantitative real-time polymerase
chain reaction (qPCR) was performed according to a method de-
scribed in a previous report [14]. The relative amount of PCRproduct
was calculated using the comparative cycle threshold (CT) method,
and GAPDHwas used as the external control. The experiments were
performed in triplicate. The mean values and standard deviation
were calculated, and the statistical signiﬁcance was determined
using one-way ANOVA and Scheffe’s post-hoc tests (P < 0.01).
2.3. Analysis of sexual behavior
Six-month-old female Grin2d-knockout mice [15] (n = 12) and
wild type mice (n = 12) were bilaterally ovariectomized (OVX) un-
der anesthesia 1 week before hormonal treatment. The female
mice were primed twice with 17b-estradiol (20 lg/body, s.c.) at
48 and 72 h before testing, and once with progesterone (100 lg/
body, s.c.) at 4 h before testing. Female mice were paired with sex-
ually experienced males for behavioral testing. Each test was con-
tinued until a female received 10 mounts from a stud male. All
behavioral tests were performed during the dark phase under red
light, and the results were analyzed by a blinded observer who
was kept unaware of the treatment group of the mice. The behavior
of each female mouse toward the 10 male approaches or at-
tempted mounts was rated as follows: (i) rejective (i.e., ﬂee, kick,
upright posture), (ii) pre-receptive posture (i.e., receptive stillposture without lordosis), or (iii) lordosis response [16]. The
percentage of a particular response [(response/total mounts
allowed)  100] was calculated for each female mouse, and the
statistical signiﬁcance was determined by using Mann–Whitney
U non-parametrical test (P < 0.01).3. Results
3.1. Conservation of estrogen-responsive element (ERE) motifs in the
30-UTR of Grin2d in mice
In humans, the genomic fragment EB11, which is a part of
30-UTR of the Grin2d gene, contains nine direct repeats of hERE
and strongly binds to the recombinant ERa protein in vitro [6,7].
In this study, we compared the sequences of EB11 and the corre-
sponding region in Grin2d gene in mice. As shown in Fig. 1, the
gene sequence in mice exhibited signiﬁcant homology with
EB11; the former contained eight hEREs, among which, three were
conserved with respect to their position when compared to EB11.
These ﬁndings indicate that the hERE-containing region of Grin2d
in mice may play an important role in the estrogen responsiveness
of the gene.
3.2. Estrogen-inducible expression of Grin2d mRNA in the
hypothalamus of female mice
Next, we used ovariectomized mice to examine whether Grin2d
expression is regulated by estrogen in the hypothalamus. At
2 weeks after surgery, 10 lg/kg 17b-estradiol was s.c. adminis-
tered; subsequently, the total RNA was extracted from the hypo-
thalamus after 8 h. The total RNA was also extracted from the
hypothalamus obtained from ERa-knockout mice. As shown in
Fig. 2, the expression levels of Grin2d mRNA were low in the
OVX + Veh groups as compared to those in the Sham + Veh groups.
However, the expression level of Grin2d mRNA in the hypothala-
mus was increased in the OVX + E groups as compared to that in
the OVX + Veh groups. In addition, the expression level of Grin2d
mRNA in the hypothalamus was low in ERa-knockout mice and
in the mice of the OVX + Veh groups. The regulation of the mRNA
expression of the gene encoding the progesterone receptor (PR),
which is known to be an estrogen-responsive gene, appeared to
be similar to the regulation of Grin2d by 17b-estradiol. As reported
previously, OVX mice have lower plasma concentration of
17b-estradiol compared with that in intact female mice at all
stages of estrus cycle [11]. In addition, ERa-knockout female mice
have dysfunctional ovaries [13] and show estrogen insensitivity
though the serum levels of 17b-estradiol are more than 10-fold
higher than those in the wild type females [12]. Hence, these re-
sults indicate that Grin2d expression is upregulated by estrogen
via ERa in the hypothalamus of female mice.
3.3. Differential regulation of the NR subunit expression by estrogen in
the hypothalamus
Next, we investigated whether other members of the NMDA
receptor family, i.e., Grin1, Grin2a, Grin2b, and Grin2c are regu-
lated by 17b-estradiol in the hypothalamus (Fig. 3). The results
showed that the mRNA expression of Grin1, Grin2a, Grin2b, and
Grin2c was not regulated by 17b-estradiol, while that of Grin2a
was downregulated in the hypothalamus in the OVX + Veh groups.
The expression of Grin2a mRNA did not change signiﬁcantly
among the Sham + Veh, OVX + E, and ERa-knockout groups, thus
suggesting that Grin2a may be modulated by a factor other than
ERa. In conclusion, the expression of the gene encoding the NMDA
receptor subunit is regulated by estrogen in a complex manner.
Fig. 1. Conservation of EREs in the Grin2d gene in mice. The genomic sequences surrounding the mouse Grin2d gene (GenBank accession no. NT_039424) and human GRIN2D
gene (GenBank accession no. NC_000019) were retrieved from the GenBank database. Their genomic structures are represented schematically; the coding and non-coding
exons are indicated by solid and open boxes, respectively. The comparison between the 30-UTRs of Grin2d in mice and GRIN2D in humans is shown at the bottom of the ﬁgure.
The hERE sequences are indicated in bold, underlined in the mouse, and over-lined in the human. The 30-UTR of Grin2d in mice contains eight hEREs, three of which are
located at conserved positions as compared to the corresponding positions in human.
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Fig. 2. Estrogen regulation of Grin2d expression in the hypothalamus of female mice. Ovariectomized mice were subcutaneously administered 10 lg/kg of 17b-estradiol
(OVX + E group) or the vehicle (OVX + Veh group). Sham-operated mice were injected subcutaneously with the vehicle (Sham + Veh). At 8 h after 17b-estradiol or vehicle
administration, the hypothalamus was isolated for total RNA puriﬁcation. The total RNA isolation was also isolated from the hypothalamus of ERa-knockout mice. The mRNA
levels of Grin2d (A) and progesterone receptor (B) were measured by quantitative polymerase chain reaction (qPCR). The results are shown as mean ± standard deviation
(S.D.). **P < 0.01 (by one-way ANOVA and Scheffe’s post-hoc tests).
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To further elucidate the function of Grin2d in vivo, we exam-
ined the lordosis response of Grin2d-knockout mice [15]. As shownin Fig. 4, the display of lordosis in response to the mounting of a
stud male was clearly impaired in Grin2d-knockout female mice
that were treated with 17b-estradiol and progesterone. Moreover,
the frequency of rejective posture was high in the Grin2d-knockout
AC
B
D
Fig. 3. Regulation of Grin1, Grin2a, Grin2b, and Grin2c expressions by estrogen in the hypothalamus of female mice. The mRNA levels of Grin1, Grin2a, Grin2b, and Grin2c
were evaluated by qPCR using the cDNAs as described in Fig. 2. The results are shown as mean ± S.D. **P < 0.01 (by one-way ANOVA and Scheffe’s post-hoc tests).
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Fig. 4. Reduced sexual behavior in Grin2d-knockout female mice. Grin2d-knockout (n = 12) and wild type (n = 12) female mice were administered 10 lg/body 17b-estradiol
twice (i.e., ﬁrst at 48 h and then at 72 h before lordosis testing) and 100 lg/body progesterone once before lordosis testing. The frequency and intensity of lordosis postures in
response to the ﬁrst 10 mounts by the male mouse were recorded as follows: rejective, totally unreceptive; pre-receptive, proceptive/still posture; and lordosis, receptive
lordosis posture. The results are expressed as the mean ± S.D. **P < 0.01 (by Mann–Whitney U non-parametrical test).
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behavior was signiﬁcantly lower than that of the wild type ani-
mals. These results indicate that Grin2d is involved in the lordosis
response elicited in estrogen-primed mice.
4. Discussion
In the present study, we found that the 30-UTR of Grin2d in mice
contains a high number of hERE motifs, similar to those in the
GRIN2D gene in humans. The expression level of Grin2d mRNA
in the hypothalamus of ovariectomized female mice was high after17b-estradiol treatment, whereas its expressions in the hypothala-
mus of ERa-knockout mice and in ovariectomized female mice in-
jected with the vehicle alone were low. These results suggest that
estrogen regulates the mRNA expression of Grin2d in the hypothal-
amus, at least in part, in an ERa-dependent manner. Since it has
been demonstrated that the conserved sequence of the 30-UTR of
GRIN2D gene in human exhibits enhancer activity in the presence
of ERa, the corresponding sequence in mice may inﬂuence estro-
gen-regulated transcription of Grin2d. In addition, the ERE-con-
taining region could function as a potential site for crosstalk
between estrogen and thyroid hormone signaling pathways since
810 K. Ikeda et al. / FEBS Letters 584 (2010) 806–810the corresponding region in rats is regulated by both the ERs and
thyroid hormone receptors [17].
A sexual behavior test demonstrated that Grin2d-knockout fe-
male mice display low lordosis response after 17b-estradiol
administration. Although Grin2d-knockout mice show reduced
spontaneous activity in an open-ﬁeld test [15], increased rejective
posture was observed in our sexual behavior test. Hence, we as-
sume that Grin2d plays a speciﬁc role in eliciting lordosis response
in female mice. Because 17b-estradiol induces Grin2d expression
in the hypothalamus of female mice, as discussed above, it has
been suggested that Grin2d mediates estrogen-induced lordosis
and acts as a direct estrogen target in the hypothalamus, which
is known to be the key site that controls female sexual receptivity
[18]. It is believed that the activation of NMDA receptors in the
hypothalamus is critical for stimulating the secretion and expres-
sion of the gonadotropin-releasing hormone (GnRH) [19,20] that
is necessary for the regulation of reproductive function. We specu-
late that Grin2d may play a role in GnRH regulation. Studies on
immortalized hypothalamic GT1-7 neurons expressing Grin2d re-
vealed that GnRH is released by the NMDA receptor since it is com-
pletely blocked by a speciﬁc NMDA receptor antagonist [21]. In the
adult hypothalamus, estrogen induces a transient increase in the
density of dendritic spines via an NMDA receptor-dependent
mechanism [22,23]. Estrogen also increases the sensitivity of pyra-
midal cells to the NMDA receptor-mediated synaptic input [24]
and promotes axon growth of VMH-derived neurons. These ﬁnd-
ings implicate that estrogen regulates the amount/activity of
NMDA receptor for controlling reproductive activity through syn-
aptic patterning.
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